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The direct effect of atmospheric aerosols consists of scattering and absorption of 

incoming solar radiation. Through this process, anthropogenic aerosols exert a 

direct radiative forcing (DRF) of the climate system1. So far DRF estimates are 

derived from global models which incorporate a representation of the aerosol 

cycles1-3.  Although models are compared and validated against observations, 

their estimates of aerosol DRF remain uncertain. Previous estimates of the 

aerosol direct effect from satellite measurements had limited information on 

aerosol type and were limited to oceans only4-5. Here we use the state-of-the-art 

MODIS aerosol retrievals6-7 combined with TOMS8 and SSM/I9 measurements 

to estimate the clear-sky DRF for the year 2002. For the first time, aerosol DRF 

can be estimated by aerosol type both over ocean and land. Anthropogenic 

aerosols are shown to increase the outgoing shortwave flux by 2.7 Wm-2 at the 

top of the atmosphere, in clear-sky on a global, annual average. The clear-sky 

part of the total DRF is x.x Wm-2 and is used to constrain the IPCC1 estimates 

and climate models of intermediate complexity10.  



 
Atmospheric aerosols may be grouped into four generic types: Mineral dust, 

marine aerosol, biomass burning aerosol and industrial pollution. The first two types 

are of natural origin, while the last two types are primarily emitted from human 

agricultural and industrial activities although some mineral dust emissions can also be 

due to human-induced desertification and some biomass burning aerosol emissions 

are due to large-scale fires of natural origin in boreal regions such as Siberia and 

Canada. Nevertheless, the majority of anthropogenic aerosols of climatic importance 

consist of particles smaller than 1 µm, also called accumulation-mode particles. In 

contrast, natural aerosols exhibit a larger contribution of large particles. Also, each 

aerosol type has its own absorption properties. In the shortwave, mineral dust and 

marine aerosols are weakly absorbing, whereas anthropogenic aerosols exhibit a 

moderate to strong absorption, depending on aerosol type which can be related to the 

location of its sources. Moreover mineral dust and biomass-burning aerosols are 

absorbing in the ultraviolet.   

The Moderate Resolution Imaging Spectrometer (MODIS) space instrument has 

operated onboard the Terra and Aqua platforms since December 1999 and May 2002, 

respectively. This instrument has 36 narrow channels ranging from the UV to the IR 

spectrum, but only the visible and near-IR channels are used for aerosol studies. Here, 

we use the retrievals of two aerosol optical properties at 0.55 µm 6-7; the total aerosol 

optical thickness (AOT), which measures the column aerosol extinction, and the 

accumulation-mode fraction, which gives the fraction of the total AOT being due to 

particles with a radius smaller than 1 µm. These quantities are available for clear sky 

conditions over oceans and land surfaces, except deserts and snow-covered regions, 

where the surface contribution to the measured signal is too large for accurate 



retrievals. This limitation means that most mineral dust events are not detected over 

land. Retrievals from MODIS have been successfully validated against ground-based 

measurements11-12, although it has been shown that retrievals are less accurate over 

land than over the ocean. Specifically, the accumulation-mode fraction is not reliable 

over land surfaces. This study uses data from the Terra platform for the year 2002, 

when calibration of the instrument is stable. Other sources of data include the TOMS 

(Total Ozone Mapping Spectrometer) aerosol index8, which is a semi-quantitative 

retrieval of UV-absorbing aerosol loading, and surface wind speeds from SSM/I 

(Special Sensor Microwave Imager9), allowing an estimate of the marine AOT13.  

Two steps are needed to get the component aerosol DRF. First, we split the 

MODIS total AOT into optical thicknesses for the four generic aerosol types. Then we 

estimate the DRF using single scattering optical properties (especially absorption) of 

the identified aerosol type (see the Methods section). Figure 1 shows the annual 

distributions of optical thickness for mineral dust, marine aerosol, and anthropogenic 

aerosols for 2002. The total optical thickness is also presented. The capacity of the 

algorithm to identify a given aerosol type is well represented by these distributions. 

As expected, mineral dust is the main contributor to the aerosol loading off the coasts 

of Western Africa and in the Persian Gulf. The algorithm also detects seasonal events 

originating from Australia and China. Areas of high AOT of marine aerosol are well 

identified as such. Anthropogenic aerosols, which are the only aerosols defined over 

land, are shown to be significant contributors to the total AOT over oceanic areas 

downwind of major biomass burning events in Central and Southern Africa, and off 

the coasts of North America, Europe, China, and India. Seasonal distributions (not 

shown) are consistent with our existing knowledge of aerosol sources and transport.  



The globally-averaged component optical thicknesses and direct radiative 

effects are given in Table 1. We focus now on anthropogenic aerosols, composed of 

biomass-burning and industrial aerosols, and examine their contribution to climate 

change in terms of DRF. On a global average for clear-sky conditions, anthropogenic 

aerosols reflect an additional 2.7 Wm-2 of solar radiation back to space and reduce the 

solar flux at the surface by 6.0 Wm-2. The difference between these two quantities 

corresponds to the energy absorbed in the aerosol layer, which amounts to 3.3 Wm-2. 

Most of the aerosol DRF is over land, which implies that significant efforts need to be 

made in order to improve satellite retrievals over land surfaces. As we supply 

different optical properties depending on the location, we are able to quantify the 

contributions of different regions to the AOT and radiative effects.  Weakly absorbing 

aerosols around Europe, Far-East Asia and North America contribute to 44% of the 

anthropogenic AOT and 53% of the top-of-atmosphere DRF. Biomass-burning 

aerosols originating from Africa and South America represent 34% of the 

anthropogenic AOT, but their strong absorption increases their contribution to the  

atmospheric (or absorption) DRF to 45%.  

We can further analyse our results in light of model simulations. The LMD-ZT 

general circulation model2 is run in nudged mode for the year 2002 and daily aerosol 

fields are sampled according to the MODIS clear-sky retrievals. With an annually-

averaged AOT of 0.007 for the marine aerosol over land, the model confirms our 

assumption that we can neglect this contribution. Over ocean, the marine AOT is 

smaller in the model (0.032) than it is in the MODIS measurements (0.101). These 

discrepancies may be due to a bias towards higher AOTs due to surface reflectance or 

cirrus contamination in the MODIS retrievals and/or to inaccuracies in the model 

parameterisations. In the model the dust AOT is about 6 times larger over land than 

over ocean (0.061 and 0.010, respectively) but only 3 times larger (0.035 and 0.012, 



respectively) if we exclude cloudy sky conditions and regions of bright surfaces as 

done in MODIS retrievals. This amounts to a dust AOT over land of 0.045 if we apply 

the same ratio to MODIS data. The model also indicates an AOT of natural origin of 

0.025 over land, beyond the dust contribution. The MODIS AOT over land is 

therefore an upper limit of the anthropogenic AOT and our model results indicate that 

the overestimation is of the order of 0.07 or 28%. Over ocean, our MODIS estimate is 

a lower limit for the anthropogenic AOT as the marine component may contain some 

dust and anthropogenic contributions.  

We can approximate the total (or all-sky) DRF, DRFtotal, by assuming that the 

cloudy-sky contribution is negligible so that DRFtotal is simply the clear-sky DRF 

(estimated above to be -2.7 Wm-2) multiplied by the clear-sky fraction (or one minus 

the cloud fraction). Using the MODIS cloud fraction14, our results suggest DRFtotal = 

x.x Wm-2. In fact, the cloudy sky contribution is likely to be either negligible for 

scattering aerosols or positive for absorbing aerosols above cloud15 (but cannot be 

estimated from satellite remote-sensing without the knowledge of the aerosol and 

cloud vertical profiles). The fact that the contribution to the total DRF from aerosols 

residing above cloud may be positive leads us to believe that our estimate of DRFtotal 

is an effective lower bound of the all-sky aerosol DRF (i.e., the most negative possible 

DRF). This is supported by the fact that our algorithm includes every aerosol, 

regardless of its origin, in the anthropogenic AOT over land, and that MODIS 

retrievals may suffer a degree of cirrus and sea foam contamination, leading to 

erroneously large AOT in some areas.  The radiative transfer calculations use a well-

validated radiative transfer code16, with a good representation of the land surface 

albedo17, and are not expected to introduce a significant uncertainty on DRFtotal. It can 

then be used as a realistic constraint for the modelled estimates of the aerosol DRF. 

The IPCC third assessment report1 estimates this forcing to be 0.4, 0.1, +0.2, and 



0.2 Wm-2 for sulphate aerosol, fossil-fuel organic carbon, fossil-fuel black carbon, and 

biomass-burning aerosols, respectively. Each of these values has an associated 

uncertainty, and the total aerosol DRF can be estimated using probability density 

functions10,18 (PDFs).    

The estimate of the lower bound of DRFtotal, -x.x Wm-2, is compared against 

those derived from model estimates by using log-normal distributions for the PDFs of 

each of the individual modelled radiative forcing components listed above18. The PDF 

approach reveals that a modelled radiative forcing more negative than x.x Wm-2 

occurs with a 39%, 24%, and 14% probability for standard deviations of 1, 1.5 and 2 

encompassing the uncertainty range (Figure 2). Because our results provide an 

effective lower bound for DRFtotal this suggests a substantial degree of inconsistency 

between the model estimates and those derived independently from our satellite 

observations; either the mean DRF from the models is too strongly negative, or the 

uncertainty associated with the modelling efforts is too large. The implication is that 

extreme negative values for the direct radiative forcing due to anthropogenic aerosols 

are unlikely, with important consequences for climate modelling studies such as those 

investigating climate sensitivity, and detection and attribution of climate change.   

Methods  

The algorithm has two independent parts: the first one estimates the optical thickness 

of mineral dust, marine aerosol, and anthropogenic aerosols, while the second one 

relies on radiative transfer calculations to convert these AOTs into DRFs at the top of 



the atmosphere and at the surface. The algorithm uses daily values of MODIS 

retrievals at the 1°x1° resolution6-7. 

Component optical thicknesses over ocean. 

The range of possible values (from 0 to 1) for the accumulation-mode fraction, facc, is 

divided into three intervals. For pixels where facc is smaller than 0.5, the aerosol is 

likely to be mineral dust, marine aerosol or a mixture of those two. Dust presence is 

detected using the monthly-averaged TOMS aerosol index8. Daily values cannot be 

used, as MODIS and TOMS overpass times and clear-sky detection algorithms are not 

comparable. If the TOMS aerosol index is larger than 1.0, mineral dust is identified, 

while a part of the optical thickness is attributed to marine aerosol, as a function of 

SSM/I daily surface wind speed9,13. If the TOMS aerosol index is smaller than 1.0, the 

total optical thickness is attributed to marine aerosol. Pixels where facc is between 0.5 

and 0.7 can correspond to mineral dust, marine aerosol, anthropogenic aerosols and a 

mixture of these three. Again, the TOMS aerosol index informs about the presence of 

at least one UV-absorbing aerosol. In this case, after removing a background marine 

optical thickness based on wind speed, the accumulation-mode part of the optical 

thickness is attributed to anthropogenic aerosols while the coarse-mode AOT is 

attributed to mineral dust. Finally, when facc is larger than 0.7, which is a fraction 

achievable only by anthropogenic aerosol, the total optical thickness, corrected for the 

marine background, is attributed to anthropogenic aerosols. 

Component optical thicknesses over land. 

As mentioned above facc is not a reliable parameter over land. Since marine aerosol is 

not significant over land, and desert areas are not considered in MODIS retrievals 

(due to the brightness of this type of surface), we assume that the optical thickness is 

representative of anthropogenic aerosols only. However, south of the Sahara, some 



transported mineral dust can be misidentified as anthropogenic aerosols. This is 

further discussed in the main text. 

Component direct radiative forcing.  

Aerosol radiative properties are derived from ground-based measurements at selected 

sites of the Aerosol Robotic Network (AERONET) following the work of Dubovik et 

al.19 and Bellouin et al.4. Mineral dust properties are those measured at the Cape-

Verde site. Marine aerosol properties are taken from analysis of the Hawaii site 

measurements, but the single-scattering albedo is increased to 0.99 at 0.55 µm as it is 

believed that the absorption measured in Hawaii is due to local pollution sources. For 

anthropogenic aerosols, the optical thickness is derived in a consistent way globally, 

but when optical properties are considered, they have to be representative of the local 

aerosol. Therefore we divided the world into six regions (industrial pollution in North 

America and Eurasia, biomass-burning in South-America and Africa, mixture of 

pollution and biomass-burning in Central America and India). Aerosol properties are 

determined from one or several AERONET sites representative of this region. Over 

ocean, the surface albedo20 depends on the solar zenith angle and is calculated for a 

wind speed of 7 ms-1. Over land, the surface albedo is computed from MODIS 

retrievals of the albedo for direct and diffuse radiation, with a different albedo in the 

visible and in the near-infrared spectra17. Surface albedo is adjusted for the effect of 

the identified aerosol on radiative fluxes. Radiative transfer calculations are 

performed using a discrete-ordinate solver16, with 24 shortwave wavebands and 24 

streams. The 24 hour-averaged DRF is computed by integrating the instantaneous 

radiative forcing over the solar zenith angles as a function of latitude and season. 

Averages are weighted by the fraction of clear sky in a 1°x1° pixel (also termed pixel 

counts).  



Figure 1: Distributions of the aerosol optical thickness at 0.55 µm for the year 

2002 for the total aerosol and by component (mineral dust, marine aerosol, and 

biomass and pollution aerosol). 

Figure 2: Probability density functions of the aerosol direct radiative forcing 

from the IPCC estimates. The lower bound implied by this study is shown by a 

vertical bar.  
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Figure 2: Probability density functions of the aerosol direct radiative forcing 

from the IPCC estimates. The lower bound implied by this study is shown by a 

vertical bar. 
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Table 1: Global averages for the year 2002.  

Aerosol optical thickness at 0.55 µm 

 

Global Ocean Land 

All aerosols 0.177 0.140 0.248 

Marine aerosol 0.067 0.101 0.000 

Mineral dust 0.010 0.015 0.000 

Anthropogenic aerosols 0.100 0.024 0.248 

Aerosol shortwave direct radiative forcings from observations (Wm-2) 

 

Global Ocean Land 

Top of atmosp. -3.4 -5.1  

Surface -4.0 -6.0  

Marine aerosol 

Atmospheric 
(Absorption) 

0.6 0.9  

Mineral dust Top of atmosp. -0.5 -0.8  

 

Surface -0.6 -1.0  

 

Atmospheric 
(Absorption) 

0.1 0.2  

Top of atmosp. -2.7 -0.9 -6.0 

Surface -6.0 -2.0 -13.6 

Anthropogenic 
aerosols 

Atmospheric 
(Absorption) 

3.3 1.1 7.6 
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